In larges electrical system used in industries, office builidings, or hotels, capacitor banks are usually utilized to compensate the required VAR absorbed by the loads. As the nonliniear loads are increasing rapidly, the risk of resonance phenomenon occured is becoming higher as its terminal voltages are not anymore sinusoidal. On the other hand, many customers have become aware to the problems caused by the harmonics due to the nonlinear loads. In this case, the active power filters (APFs) offer many interesting properties i.e. the elimination of harmonics, phase balancing feature and the power factor correction. The power factor correction feature suggests that the APFs are also able to compensate the VAR which means that the APFs are able to replace completely the capacitor banks. However, the higher reactive power occured in APFs is responsible to the higher current flowing in the switches, thus the higher rating of switches are required which leads to more expensive system. In this paper, an optimized combined system between APF and capacitor bank is proposed. It is not necessary to dump the installed capacitor bank. In contrary, the capacitor bank will help the APF to compensate the VAR as the APF will concentrate mostly to eliminate the harmonics.
Introduction
The increasing nonlinear loads connected to power system are causing many problems such as harmonic current problems. The injection of harmonic current will cause waveform distortion of system voltages, transformers heating, torque pulsation and heating in rotating machines, resonance phenomenon occured by the existance of capacitor bank, and so on. The resonance problem may happen in the power system where the capacitor bank is installed and the impact will be severe enough and sometimes lead to the system trip.
One of the solution of the harmonic problems can be solved using the passive filters consisting a tuned capacitance and inductance placed in series or parallel to the load. However, in this solution, certain harmonic will require its own passive filter, thus more harmonics to eliminate means more passive filters are required. Usually, only significant harmonics with lower frequencies will be eliminated, therefore the filters will be bulky due to inductor geometric size and imperfection in harmonic elimination due to the existance of higher harmonics.
Since the basic operation established in the 1970s, the active filters based on load currents for harmonic filtering have attracted many researchers and engineers who have concerned with harmonic pollution in power systems. The active filters inject the current harmonics needed by the loads so that the source will only deliver the fundamental current components. However, this technique cannot solve the imbalance problem and non unity power factor because the fundamental current components in each phase may have different magnitudes and may not be in phase with their corresponding voltages. As far as the author concern, the utilization of active filters comes with many topologies such as stand alone active filters, hybrid active and passive filters, and shunt or serial active filters. In the combined passive filters, the passive filters will be tuned to compensate significant harmonics with lower frequencies and the active filter itself is responsible for the higher harmonics. This technique may achieve lower current rating switches for the active filters.
In this paper, a similar principal used in combined passive and active filters is proposed. But different to it, a combined system of capacitor bank and shunt active power filter is proposed. Capacitor banks are usually already installed in large power systems such as in indsutries, hotels, or office building for VAR compensation. The used active filters are from active power filter (APF) kind which uses instantaneous power theory as its basic principe of operation. The APFs have many advantages compared to the conventional active filters such as harmonic elimination, phase balancing, and power factor correction. The objective of this technique is to avoid new installation of bulky passive filters, the utilization of existing capacitor bank, and to have better power quality in the system as offered by the APF's feature with reduced current rating in the APF itself.
There are two methods proposed in this paper to reduce the APF's current rating, one is based on constant VAR compensation and the other is based on minimization of fundamental current component.
Compensation Strategy in Apf Using Instantaneous PQ0 Power Theory
Power definition in the PQ0 instantaneous power theory [1-2] can be written as:
where all the values in (αβo) reference can be obtained using the following transformation:
with :
and (5) where :
• The active power filter is based on the calculation of the powers absorbed by the load. Figure 1 shows the power compensation strategy used in APF in system with nonlinear load.
The instantaneous active power is composed of average components [4, 5] , which will be permanently transferred from the source to the load. This components is represented by a unidirectional arrow in Figure 1 . Another component is ripple component of instantaneous active power, and this component will be delivered by the APF to the load. Thus instantaneous active power can be expressed as: (6) where the bar signs represent the average component and the tilde signs represent ripple component of instantaneous active power.
The component will only occur in a system with an unbalanced source. This will also have the average component, , and ripple components, . If exists, the compensation strategy is to deliver permanently its average component from the source to the APF first through the phase line and and the ripple component will be provided by the APF, as shown in Figure 1 .
The same way, instantaneous reactive power also composed from average and ripple component, and can be expressed as: (7) Based on Figure 1 , the compensation done by active power filter can be implemented if the power components , , are flowing in its phase lines and these power variables will become the reference values for the APF. The delivery of total from the APF to the load will be done by compensating the neutral line current. Thus the currents which should be flowing in the APF 3-phase lines can be denoted as:
It can be shown from Figure 1 that, in the source side, there will be only constant active power thus the phase currents in the will be sinusoid, balanced, and in-phase with their corresponding voltages.
Combined system shunt APF and capacitor bank: constant var compensation [5]
According to Eq. (8), the instantaneous reactive power q will be provided by the APF thus it will increase the current (7), it is possible to separate the average value of reactive power and its compensation will be done by the capacitor bank. Figure 2 shows the simple modification in power flow diagram.
To verify the proposed control method, digital simulation using PSIM has been carried out. Simulation scheme is shown in Figure 2 . Switching frequency of 5 kHz is chosen, while filter inductor (L fa,b,c ) is 5 mH, DC capacitor in the converter is 2200 uf, line-to-line voltage is 380V. PI current regulator is used for each leg of the APF. Nonlinear and unbalanced loads are constructed using three single-phase rectifiers. Each single phase rectifier has different loads, as described in Figure 3 .
The simulation is done firstly by compensating all the reactive power and the ripple part of the active power by the active power filter (without capacitor bank). The active power filtering is done pretty well as indicated by the source current waveforms compared to the load current, shown in Figure 4 . The successful compensation for the neutral current is also shown in Figure 5 . Figure 6 shows the comparison between instantaneous active and reactive power absorbed by the load, and those delivered by the source. This figure shows that the APF is able to force the source to deliver only constant active power and zero reactive power, thus -because of the source is balanced -the source currents will be sinusoid and balanced with unity power factor. Figure 7 shows the current waveforms which are delivered by the APF, and for phase a, b, and c, their rms values are 9.95 A, 7.41 A, and 11.03 A respectively. The second simulation is done using 3 identical capacitors as a representation of a capacitor bank, connected at the load side as shown in Figure 3 . The value of each capacitor is calculated based on the dc component of the reactive power absorbed by the load. In this example, the dc value of the reactive power is 5105 VAR. The required capacitance can be calculated as: (9) where : C : is the required capacitance in each phase line. V : is the line to neutral voltage in rms value Q avg : is the average component of q From Eq. (9), each capacitor will be valued about 112 µF. These capacitors will compensate the constant reactive power needed by the load, while the APF will compensate only the ripple component. Figure 8 shows that the active filtering is done successfully, as the source has sinusoid current waveforms and delivers constant active power and zero reactive power.
The compensating currents transmitted from the APF are shown in Figure 9 . The rms values of these currents are 5.52 A, 5.02, and 6.26 A for phase a, b, and c respectively. Thus, compared to the previous system, the rating current for the APF can be reduced significantly. The proposed method deals with extracting the fundamental components of each APF phase current using the FFT and then replacing it by the simple phasor summation between current injected by a capacitor and the rest will be provided again by the APF.
Since the capacitor will inject current exactly 90 o leading to their corresponding voltages, it is possible to draw capacitor current reference frame. Figure 10 shows the capacitor current reference frame (dotted line arrows) and an example of fundamental component of currents which should be provided by the APF (solid line arrow). It is possible to do the projection of these currents to the capacitor current reference frame. In Figure 10 , the fundamental component of APF currents can be decomposed into 2 phasors as done in phase a, the first one is the projection onto corresponding phase, and the second phasor is orthogonal to the first one. This first one will be the current provided by the capacitor and the second one will be provided by the APF. It is shown in Figure 10 that the current provided by APF will be smaller than the original one. Using this technique, the capacitor current and its ortoghonal component will be:
Where:
• i C : the capacitor current • i APF : fundamental component of APF's current which shoul be provided • i APF_new : fundamental component which will be provided by APF after working together with the capacitor • : the angle between corresponding capacitor current reference and iAPF.
Using the same example as the previous simulation, it is possible to calculate the capacitor currents i C for each phase and the new APF currents, i APF_new , as shown in Table 1 . The new fundamental component for APF's current should be injected and the obtained capacitor current can be used to calculate the capacitor which should be installed in each phase, using the following equation. ) where: C : the capacitance of capacitor which should be installed in corresponding phase I C_mag : maximum value of obtained capacitor current V : line to neutral voltage (where the capacitor will be installed).
In this example, the capacitors will be:
• 120.45 µF in phase a • 83.66 µF in phase b
• 134.10 µF in phase c
Note that in each phase, the capacitors will be different. The result of the simulation using this technique can be shown in Figure 11 . 
